In this paper, the manufacturing process of microceramic membrane is summarized. e main material of this membrane is fly ash which can reduce the sintering temperature and save the costs. e coal ash ceramic membrane (CACM) was characterized by XRD, SEM, and mercury intrusion method. e results show that the mullite phase formed by CACM at the sintering temperature of 1250°C has morphology and structural characteristics similar to the commercial microceramic membrane. e membrane surface is uniform and dense, without cracks; the pore diameter is 1-4 μm, and the porosity is 26.6%. Furthermore, the CACM and CMCM were compared at the aspects of water and heat recovery performance using flue gas. e experiment indicated that when the flue gas temperature was 50-85°C, the water recovery performance of these two kinds of membrane was similar. Also, the heat transfer capability of the coal ash ceramic membrane was close to that of the commercial microceramic membrane when the temperature range of flue gas was controlled between 50°C and 70°C. When the temperature of flue gas reaches 80°C, the heat transfer performance of the commercial ceramic membrane is better, and the difference of heat recovery between these two kinds of membranes is 19.3%. In general, the CACM and CMCM have similar mass transfer performance, and the heat transfer efficiency of CACM is lower than that of CMCM, but the costs of CACM is much lower than that of CMCM which has a good research prospect in the future.
Introduction
At of the end of March 2017, the installed capacity of China's 6000 kW and above power plants was 1 .66 billion kilowatts, of which, thermal power was 1.08 billion kilowatts, accounting for 65.06%, which is still the main source of power supply in China [1] . e electric power development of the 13th Five-Year Plan requires the thermal power plants to further improve the policies and technologies for water and energy saving [2] . In recent years, water and energy saving work has made some benefits. But in 2014, Wei et al. [3] predicted that the increase rate of water consumption in power plants was still about 15%-20% over the next 20 years, with a huge increase in water consumption and an increase of at least 2.6 times in 2008. Now the energy is increasingly exhausted, and the energy consumption of thermal power is still huge, so the energy saving is an important key that must be taken seriously [4] . Water and energy conservation is a great challenge for the thermal power plants. In the thermal power plants, there is a large amount of water vapor and low-temperature waste heat in flue gas. Recovering water vapor and waste heat from flue gas can not only protect precious water resources but also improve thermal efficiency and reduce energy consumption.
In order to achieve the water and heat recovery from flue gas, besides several traditional technologies, more attention has been paid to the gas membrane separation technology in recent years. Choi et al. [5] introduced a thinfilm composite hollow fiber membrane for laboratoryscale water vapor recovery experiments on real flue gas.
e results showed that the maximum water flux and water vapor recovery efficiency reached 2.3 kg/m 2 h and 27.7%, respectively. Reijerkerk et al. [6] reported that the highly hydrophilic, poly(ethylene oxide)-based block copolymers could remove CO 2 and water vapor from a ternary gas simulating flue gas in a postcombustion capture configuration. Sijbesma et al. [7] developed composite hollow fiber membranes with a top layer of SPEEK and put twenty fiber bundles in artificial and real flue gas. Results showed that during a 150 h field test with the artificial flue gas, the fiber bundles continuously removed 0.6-1 kg/m 2 h of water vapor; in addition, during the long-term field tests with real aggressive flue gas streams, an average water vapor removal rate of 0.2-0.46 L/m 2 h was obtained during a continuous period of 5300 h. Chen et al. [8] studied the properties of SPEEK/PES that was a hydrophilic composite hollow fiber membrane and experimented by using the simulated flue gas.
e research indicated that the water recovery rate increased with the temperature (40-70°C). When the sulfonation degree of SPEEK was 59%, the water vapor permeation flux could be up to 12.7494 g/m 2 h. In the past few years, membrane processes have received great attention and extensively developed on gas and liquid separation processes. One of the limitations for a massive industrial penetration of the membrane is the lack of suitable membrane materials that can withstand harsh industrial conditions for extended periods of time [9] . is is because most membrane materials that have been commercialized so far are polymers. Compared with the organic membrane, the inorganic porous ceramic membrane has some outstanding advantages that organic membrane does not have, such as great thermal stability, high mechanical strength, acid and alkali resistance, long life span, and so on. Zou et al. [10] proposed a novel process for the preparation of a low-cost fly ash based a cosintering process. In the novel process, the microfiltration layer was sprayed on fly ash carrier, and mullite fiber was added to reduce cosintering differences.
e average pore size of the prepared ceramic film was 100 nm, with a high permeability of 450 ml
. Zhu et al. [11] used a finger-like and sponge-like mullite hollow fiber made of fly ash to produce a low-cost multilayer mullite-titanium dioxide composite ceramic hollow fiber microfiltration membrane. It is found that the composite membrane achieved a 97% TOC removal efficiency in 200 mg·L −1 synthetic (oil/water) emulsion. Song et al. [12] prepared a ceramic membrane with a higher filtration efficiency and better regeneration performance than a membrane made of alumina powder by using short fibers as a starting material.
And it is more widely researched and more suitable to recover water and heat from flue gas [13] [14] [15] [16] [17] [18] [19] . Gas Technology Institution (GTI) developed a transport membrane condenser (TMC) which was made from porous ceramic membrane tube bundles. e technology had achieved good heat and water recovery performance, the water recovery rate was equal or larger than 40% recovery, and the increase of efficiency was more than 5% [20] [21] [22] [23] [24] . Bao et al. [25] carried out experiments to study the phenomena for both a porous ceramic membrane tube bundle and an impermeable stainless steel tube bundle with the same characteristic dimensions. It was found that the condensation rate for the porous ceramic membrane tube bundle increased by 60-80% compared with that of the stainless steel tube bundle. Wang et al. [26] used a tubular ceramic membrane as the transport membrane condenser for water vapor and heat recovery from flue gas and studied the effects of several important operational parameters on the process performance in terms of mass and heat transfer across the membrane. Results indicated that 20-60% water recovery and 33-85% heat recovery were achievable when using cold water as the coolant. Zhou et al. [27, 28] presented the application of a 20 nm pore-sized porous ceramic membrane for condensation heat transfer in artificial flue gas and investigated the phenomenon of capillary condensation. e study showed that the water recovery rate of the module could be up to above 80% and the heat recovery efficiency could be up to above 40%.
However, due to expensive raw materials of commercial inorganic porous ceramic membrane, complicated fabrication process, and rigorous sintering temperature, the production cost and the selling price are quiet high and both development and application of the inorganic porous ceramic membrane are greatly restricted. Consequently, the new low-cost, excellent performance membrane preparation research is also a major point in the application of gas membrane separation technology to recover water vapor and waste heat from flue gas.
Coal ash is the main solid waste discharged by thermal power plants, and the amount of fly ash is increasing year by year. If most fly ash is not disposed properly, it will pollute the atmosphere and do harm to the human. e main oxides include SiO 2 and Al 2 O 3 , accounting for more than 60%, which are also the main components of CMCM [29] .
erefore, except controlling the environmental pollution greatly, consequently, the preparation cost of ceramic membranes would reduce significantly by reusing coal ash as the main raw materials to fabricate the new type of tubular ceramic membrane.
e application of fly ash is mostly focused on cement concrete production, soil improvement, sewage treatment, construction engineering, and other fields [30] [31] [32] [33] [34] [35] [36] [37] [38] . ere are relatively few studies on the elaboration of porous ceramic membranes by fly ash. Cao et al. [39] used waste fly ash and natural bauxite, with AlF 3 and V 2 O 5 as additives to prepare mullite ceramic membrane supports and found that the membrane support with 4 wt.% AlF 3 and 3 wt.% V 2 O 5 (A 4 V 3 ) had the best performance. Dong et al. [40] prepared cordieritebased porous ceramic microfiltration membranes by using fly ash and basic magnesium carbonate as starting materials and confirmed that α-cordierite was formed above 1100°C and its crystallinity improved steadily with further increasing firing temperature. Wu et al. [41] developed mullite-based ceramic proppants with low density and high strength by using fly ash, bauxite, clay, and composite mineralizers. ey investigated the phase composition and microstructure at different sintering temperatures and found that at the best sintering temperature of 1370°C, the acid solubility was 5.7% and the crushing rate was 5.0% under 52 MPa. Fang et al. [42] made crack-free tubular supported ceramic microfiltration membranes using refined fly ash as the raw material by a slipcasting method and found that the pore-size distribution of the membrane became narrower by applying a second coating. Liu et al. [43] reused coal ash to fabricate anorthite-cordieritebased porous ceramic membrane supports by using dolomite and characterized the membrane. Results indicated that adding dolomite could adjust the support pore-structure, inhibiting the sintering of coal ash while providing acceptable mechanical strength, and form more anorthite and cordierite with good thermal properties in the porous membrane support materials.
Although the ceramic membrane separation technology and the preparation of the low-cost ceramic membrane by fly ash have been researched, there was no comparison between the CACM and CMCM about the water and heat recovery performance in flue gas. In this paper, the main research content was to prepare and characterize microsized ceramic membranes by coal ash (Hohhot, Inner Mongolia Province, China) as major materials and perform contrast experiments on water and heat recovery performance between the two kinds of membranes. In this way, the issue on the feasibility of CACM replacing CMCM for the water and heat recovery from flue gas has been further investigated.
Preparation and Characterization

Preparation of Coal Ash Ceramic Membrane.
In this paper, fly ash is selected as the main raw material to prepare the microceramic membrane. e main preparation process is shown in Figure 1 . Detailed preparation process is as follows:
(1) Fly ash screened from a 60 mesh screen and kaolin, dextrin, technical-grade carboxymethyl cellulose (CMC), and other ceramic additives was mixed in a design ratio and stirred for 5 minutes. (2) e mixture in the beaker was placed in a vertical ball mill (XQM-20, Changsha Tencan Powder Technology Co., Ltd) for power and dry milling for 4 hours to ensure uniform mixing of the ingredients. (3) Appropriate amount of distilled water that meets the requirements was added to the mixture and mixed in the mixer (HL-5, Henan Xin Long Machinery Factory). (4) e mixture was stirred 4-5 times with the vacuum mixer (S-48, Henan Xin Long Machinery Factory) and sealed at 30°C for 12 hours, and then the material was mixed 2-3 times again. (5) e blank (i.e., the mixture having certain plasticity) was extruded with a screw extruder (LWJ63, Henan Xin Long Machinery Factory) and straightened on a straightener (XZJ-25/1000, Henan Xin Long Machinery Factory) for 48 hours. (6) Sintering in a high-temperature tubular electric furnace (TSK-8-14, FuEnSen (Beijing) Dianlu Co., Ltd), and the heating rate was set to 2-3°C/s and kept warm for 30 min at 135°C to make the prepared membranes dry and to remove free water. en, the prepared membranes were insulated for 120 min at 325°C to remove bound water and stayed warm for 240 min at 750°C to remove organic additives and pore-forming agents. At last, it was fired at 1250°C for 300 min and cooled inside the furnace.
Membrane Performance Characterization
Microscopic Morphology.
In Figure 2 , the scanning electron microscopy (SEM) pictures of α-Al 2 O 3 microceramic membrane (Beijing Hongzhijiahe Technology Co., Ltd.) and coal ash ceramic membrane (CACM) are captured by JSM6490LV SEM (JEOL Electronics Corporation). Figure 2 shows the morphology of the α-Al 2 O 3 microceramic membrane and the coal ash ceramic membrane at 100 and 1000 magnifications of SEM, respectively. It can be seen that the single grain of all the samples has an irregular shape. Figure 2(a) presents that the surface of CMCM is not smooth and there are tiny irregular protrusions. Compared with Figure 2(b) , the existence of small holes can be more clearly observed. Figure 2 shows that both CACM and CMCM are compact and have no defects, and the surface pore diameter can be clearly found to be distributed between 1 micrometer and several micrometers. Compared to CMCM, there are more microsized particles on the surface of CACM. It is caused by a different processing technique.
Pore-Size Distribution and Porosity.
e pore size test of the two kinds of membranes is performed by the mercury intrusion method (Quantachrome Instruments Trading (Shanghai Co., Ltd)) and the porosity is calculated; the results are shown in Figure 3 and Table 1 .
Phase Composition by XRD.
e main components of the two membranes are tested and analyzed by XRD (AL-Y300, Dandong Aolong Ray Instrument Group Limited Company), as depicted in Figure 4 .
e XRD analysis shown in Figure 2 indicates that the main composition of commercial α-Al 2 O 3 microceramic membrane is corundum (PDF#46-1212); both corundum and mullite (PDF#15-0776) exist in the coal ash ceramic membrane, but mullite is the majority. So there are some performance differences between CACM and CMCM. Based on the impacts of corundum and mullite on thermal conductivity of the membrane, theoretically, it can be predicted that thermal conductivity of the commercial membrane is better than that of the prepared ceramic membrane under fixed conditions during the water and heat recovery process [44, 45] .
Experimental Apparatus and Methods
Experimental Apparatus.
e experiment system is presented in Figure 5 . In this system, all the pipes and tanks are thermally insulated using cotton, and the outside of the module is also heat insulated. All temperatures are measured by a temperature sensor (PT100) inside the pipe and monitored by a digital temperature indicator. e relative humidity of gas is measured by a humidity transmitter (VAISALA, HMT3307). e amount of water recovery is obtained by the difference in the mass of the water vapor contained in the inlet and outlet of the component, where the drying pipe is used to measure the water vapor not absorbed by the component.
Considering the main composition of flue gas, in order to simplify the experimental operation, this study uses the arti cial gas which consists of nitrogen, water vapor, and a certain proportion of carbon dioxide. Nitrogen is supplied by two pure gas cylinders, the gas in the left one is fed by an FC (mass ow controller) to the gas bu er tank, then to the humidi er in order to supply the saturated mixed gas, and the middle and right gas cylinders provide dry nitrogen and carbon dioxide, respectively. Balancing the ow rates of the three streams by their respective FCs, the nal relative humidity, and the gas ratio of the gas supplied to the module can be controlled. e module shell (i.e., membrane tube outside) is connected to the cooling water system, which the water tank contains a heating resistance wire, and the external insulation provides a certain temperature and a stable ux of water. In addition to the water tank in the cooling water system, the most important component is the water pump. For one thing, it keeps the cooling water in a stable circulating ow to continuously remove the water and heat in the arti cial ue gas, and for another, it provides the pressure di erence inside and outside of the ceramic membrane tube to form pressure driving force.
e experimental operating conditions in the experiments are shown in Table 2 .
Methods.
In the module, the heat and water recovery using ceramic membrane is actually a complex process of heat and mass transfer. In order to measure the di erence in heat and mass transfer performance between CACM and CMCM, two kinds of ceramic tubes with the same length (i.e., 0.8 m) were used for control variable experiment in this paper.
e method is to calculate the amount of water recovery under each working condition, which is the amount of recovered water per unit hour and unit area. e water recovery rate is the ratio that the recovered water of a single ceramic membrane is divided by the water vapor in the inlet feed gas. e amount of recovered water can be calculated as
e amount of nitrogen passing through the membrane and the heat loss of the module are ignored, and in most cases, the amount of water recovered is negligibly small compared to the amount of cooling water, so the heat balance in the module can be simpli ed to
e water recovery rate is the ratio of the recovered water mass ow to the inlet water vapor mass ow:
where J rev is the amount of recovered water per unit minute and unit area (i.e., the permeate water ux through the membrane); M c,in and M c,out are the mass ow rate of the inlet and outlet cooling water, respectively; M v,in and M v,out are the mass ow rate of water vapor in the inlet and outlet feed gas, respectively; A i is the inner surface area of the membrane; η rev is the water recovery rate. e ow of ue gas and cooling water inside and outside the ceramic membrane tube is arranged in a downstream ow, and the reduced heat of the ue gas is transferred to the cooling water during the ow process, leading to the Journal of Chemistrytemperature rise of the cooling water. e temperature difference between the inlet and outlet cooling water can be used to evaluate the heat transfer performance of the experiment system, which is calculated by the following equation:
Results and Discussion
Comparative Analysis on Permeability of Two Kinds of Ceramic Membranes.
e water recovery performance and water recovery of the two membranes were controlled at an experimental temperature of 50-85°C. In the experiment, the total ow rate of the feeding gas was controlled at 6 L/ min. rough adjusting the ow rates of dry nitrogen and wet nitrogen, a di erent relative humidity is obtained and feed gas is controlled to be under saturated state or unsaturated, speci cally wet + dry: 6 + 0 L/min and wet + dry: 3 + 3 L/min, as shown in Figures 6 and 7 . Figure 6 describes that, in the whole experimental temperature range, no matter if the water vapor of the feed gas is in the saturated or unsaturated state, the water permeability of the CACM is similar to the commercial α-Al 2 O 3 microceramic membrane. And the water permeability of the two membranes both increase with the rise of feed gas temperature. Furthermore, under the unsaturated condition, the higher the feed gas temperature, the slower the growing rate of the water recovery. However, in the case of saturation, the growing rate of water recovery enhances more sharply under higher feed gas temperature. e similar result is also re ected in Figure 7 . It is found that the water recovery rate increases with the rising temperature of the feed gas under saturated condition. Under the opposite condition, the water recovery rate gets larger rst and then decreases. At the same inlet ow rate, the water recovery rate of the saturated water vapor is higher than that of the unsaturated water vapor.
e results show that when the temperature of ue gas is 50-85°C, both CACM and CMCM can e ectively recover the moisture in the ue gas, especially when the water vapor of the feed gas is saturated, the di erence between them is small, and more water vapor can be recovered from the ue gas more e ectively. erefore, the membrane recovering the water vapor from ue gas is more suitable to install and use after desulfurization.
E ect of CO 2 in Feed Gas on the Membrane Performance.
Considering that the content of carbon dioxide in the ue gas has reached 10% or more besides nitrogen and water vapor, the carbon dioxide is introduced into experiment to study the e ect of carbon dioxide on the water recovery performance of the feed gas. e result is shown in Figure 8 . Figure 8 shows that the three curves of 10-20% volume CO 2 and without CO 2 experimental gas substantially coincide when the simulated ue gas temperature range is 50-85°C. e result shows that the carbon dioxide in the ue gas has little e ect on the recovery of water from the ceramic membrane tube. erefore, it is feasible to use a simpli ed binary gas system (nitrogen and water vapor) instead of real ue gas to study the recovery of water vapor in ue gas by ceramic membrane.
Heat Recovery and Temperature Rise of Cooling Water.
e heat recovery by the ceramic membrane is divided into three parts: the heat between the feed gas and the cooling water including the convective sensible heat, the latent heat of condensation, and the heat carried by the recovered water vapor. ey are shown in Figure 9 . Figure 9 shows that the temperature rise of cooling water both the coal ash ceramic membrane (CACM) and the commercial microceramic membrane (CMCM) increases with the growth of the feed gas temperature, and the promotion will become more obvious as the growth of temperature. Both membranes have a commonality. When the feed gas is in the saturated state, the temperature rise is faster than that in the unsaturated state, as the feed gas temperature increases. e di erence of coal ash ceramic membrane is more obvious. When the temperature of feed gas is 50-70°C, the di erence of the heat transfer between CACM and CMCM is not obvious, and when the temperature Journal of Chemistryreaches 80°C, the cooling water temperature rise of CMCM is about 1°C higher than CACM. However, the study of higher feed gas temperature is not carried out, considering the low-temperature and saturated gas exhausted from ue gas desulfurization (FGD) in coalred power plants. So the study for saturated ue gas in this range of temperature has guiding signi cance for practical application.
In general, the heat transfer capacity of CMCM is close to CACM at 50-70°C. When the feed gas temperature reaches 85°C and is saturated, the di erence in heat transfer performance between the coal ash ceramic membrane and the commercial microceramic membrane is obvious. e cooling water temperature rise of CMCM is 2.43°C, and the temperature rise of CACM reaches 1.96°C. e percentage di erence in heat recovered from the ue gas is 19.3%. is is because that the main component of CMCM is corundum, whose thermal conductivity and porosity (porosity given in Table 2 ) are higher than the main component (i.e., mullite) of CACM. When the ceramic membrane is used to recover heat and water of ue gas, the water vapor mainly condenses on the outer surface and penetrates the membrane by liquid form. e heat transfer performance depends mainly on the thermal conductivity and porosity of the ceramic membrane [43, 44] . e experimental results are also consistent with the conclusions in [28] for studying the heat and mass transfer of microceramic membranes.
e experimental uncertainties can be originated from the temperature and the measurements of cooling water ow rate which also involves the precision of the thermocouple, humidity transmitter, and ow meter. e propagation of uncertainties in terms of the experimental parameters can be calculated by the following di erential equation:
where the subscript x is a function of the independent variables, such as u, v, and w. e uncertainties of the measured parameters are listed in Table 3 . e calculated results are as follows: the uncertainty of the mass ux is ±0.141 kg/m 2 h, the maximum uncertainty of the temperature rise of cooling water is ±0.15°C, and the maximum uncertainty of e ciency of permeation is ±1.71%.
Conclusion
In this paper, the coal ash ceramic membrane was prepared and characterized, and the comparison experiments between coal ash ceramic membrane and commercial microceramic membrane were carried out to study the di erence in water recovery and heat transfer performance in arti cial ue gas.
e main conclusions are drawn as follows:
(1) e sintering temperature of the coal ash ceramic membrane is 1250°C, far lower than 1700°C, which is the sintering temperature of the commercial ceramic membrane [46] . Lower sintering temperature could reduce the production costs signi cantly. (2) It was found that the mullite phase formed at the sintering temperature of 1250°C had morphology similar to that of the commercial microceramic membrane surface, and the surface was uniform and dense without cracks, and the pore diameters were 1-4 μm. e porosity of the y ash ceramic membrane was 26.6%, which was only 0.6% inferior 8 Journal of Chemistry to that of the commercial microceramic membrane. e permeability of these two ceramic membranes is similar. (3) When the feed gas temperature was 50-85°C, the amount of recovered water when feed gas was in the saturated state or the unsaturated state was approximately the same. When the feed gas was in the unsaturated state, the recovery water rate of coal ash ceramic membrane was a little higher than the commercial microceramic membrane. Considering the actual conditions of feed gas (being saturated before passing through components and becoming unsaturated after passing through them), coal ash ceramic membrane was more suitable for installation and used after the desulfurization device. (4) In the comparative experiment of evaluating the heat recovery performance of membrane, the heat transfer capacity of coal ash ceramic membrane was close to commercial microceramic membrane when the feed gas was at 50-70°C. When the temperature of the feed gas reached to 80°C, the heat transfer performance of commercial ceramic membrane is slightly better than that of the coal ash ceramic membrane because of the difference of materials and ceramic membrane porosity between the coal ash and commercial microceramic membrane. 
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